The crystalline phase and thermoelectric properties of sintered Ca 3 Co 4 O 9 /Ca 3 Co 2 O 6 mixtures prepared by a two-step heat treatment were investigated. Crystal phase and surface morphology were investigated at each step of the heat treatment. The thermoelectric properties of the material and the mixture ratio of Ca 3 Co 4 O 9 to Ca 3 Co 2 O 6 , as calculated from XRD data, were strongly influenced by the compositional ratio of Co to Ca in the starting material. As the compositional ratio of Co to Ca was increased, the magnitude of the power factor increased and the slope of the power factor decreased with respect to the temperature.
Introduction
Thermoelectric conversion technology, which transforms heat into electricity without emitting carbon dioxide, has received considerable interest from researchers in recent years. This technology can be applied to a wide range of heat sources for recovery of not only natural energy such as solar and geothermal energy, but also waste heat from steelmaking furnaces and automobile engines. An advantage of thermoelectric conversion is that a generator element that employs thermoelectric technology is free of moving parts and can thus operate for long periods without maintenance. Many compounds 1) including BiTe, Pb Te, and ZnSb have been examined as thermoelectric materials for energy conversion.
Recently, oxide thermoelectric materials have received attention since Terasaki et al. reported high thermopower and low resistivity in Na x CoO 2 .
2) This material has performance comparable with that of thermoelectric compounds, and there is no performance degradation due to oxidation. Furthermore, high thermoelectric performance has been reported for calcium cobalt oxide Ca 3 Co 4 O 9 .
3),4) Attempts at further improvements in the thermoelectric properties of calcium cobalt oxide have included the substitution of other elements into the calcium and cobalt sites to produce Ca 3¹x M x Co 4 O 9 5), 6) ³·cm over a wide temperature range and a Seebeck coefficient greater than 100¯V/K at or above room temperature.
3)6), 8) Ca 3 Co 2 O 6 has a high Seebeck coefficient of 400600¯V/K at around room temperature, but it decreases exponentially with increasing temperature. The resistivity of Ca 3 Co 2 O 6 is more than 1000 times that of Ca 3 Co 4 O 9 at room temperature, and it decreases exponentially with increasing temperature, which indicates semiconducting behavior.
11)15)
Considering that calcium cobalt oxide has two possible crystal phases with markedly different characteristics, we have prepared sintered mixtures of Ca 3 Co 4 O 9 and Ca 3 Co 2 O 6 and comprehensively investigated the effect of their mixture ratio on the crystal phase and thermoelectric properties. O 6 phase in the first heat treatment step, the pellet was sintered at 1273 K for 24 h in air. For the second-step heat treatment, re-heat processing was performed at 1073 K for 24 h in air to convert the Ca 3 Co 2 O 6 phase into the Ca 3 Co 4 O 9 phase. After each heat treatment step, the crystal structure and microstructure of the specimens were analyzed.
Experimental procedure
The crystalline phases were identified by X-ray diffraction (XRD) analysis using Cu-K¡ radiation. The microstructures of the specimens were observed by scanning electron microscopy (SEM). The bulk density of a specimen was determined from its volume and weight. The electrical resistivity µ, and Seebeck coefficient S, were measured in the temperature range from 373 to 873 K using a thermoelectric measurement system (RZ2001i, Ozawa Science Co. Ltd.). The power factor (S 2 /µ) was calculated from the measured µ and S values. Figure 1 shows XRD patterns of specimens prepared using various compositional ratios of Co to Ca in the starting material. Figure 1 (a) shows XRD patterns obtained after the first heat treatment step. Here, the peaks diffracted from the Ca 3 Co 2 O 6 phase 17) were dominant, regardless of the compositional ratio of Co to Ca. In particular, a single phase of Ca 3 19) were formed, and the intensity of the CoO diffraction peak increased with the Co content. Figure 1(b) shows XRD patterns obtained after the second heat treatment step, which resulted in the formation of a crystalline phase that was dependent on the compositional ratio of 
Results and discussion
where I ðCa 3 Co4O9Þ is the peak intensity diffracted from Ca 3 Co 4 O 9 phase, I ðCa 3 Co2O6Þ is the peak intensity from Ca 3 Co 2 O 6 phase. This relative intensity was calculated using the results shown in Fig. 1(b) . Figure 2 shows the relation between the compositional ratio of Co to Ca in the starting material and the relative intensity of the Ca 3 Co 4 O 9 diffraction peaks. As the amount of Co in the starting material was increased, the relative intensity of Ca 3 Co 4 O 9 increased linearly. Figure 3 shows SEM images of the specimens prepared using various compositional ratios, after the first and second heat treatments. After the first heat treatment, the specimen surfaces were covered with smooth grains, regardless of the starting composition. However, after the second heat treatment, the surface morphology changed significantly with the starting composition. , which corresponds to 66% of the theoretical density, 3) and this value is larger than the density of 2.7 g/cm 3 reported in our previous study, in which only a single heat treatment step was used. Figure 4 shows the temperature dependence of the electrical resistivity for specimens with various compositional ratios of the starting materials. When [Co]/[Ca] = 0.67, the resistivity decreased exponentially with increasing temperature, from 128 ³·cm at 373 K to 0.9 ³·cm at 873 K, which indicates semiconducting behavior. Moreover, the magnitude of the resistivity and the gradient with respect to temperature decreased as the amount of Co in the starting material was increased. The temperature dependence of the resistivity plateaued at 0.03 ³·cm for
21)
[Co]/[Ca] = 1.33, which is consistent with that reported in the literature. 4) ,21) Figure 5 shows the relation between the compositional ratio and the activation energy. Activation energies were calculated using Arrhenius plots of the specimen resistivities and the relation:
where µ is the resistivity at absolute temperature T, µ 0 is a constant, and k is the Boltzmann constant. The activation energy obtained at [Co]/[Ca] = 0.67 was 0.38 eV, which is slightly smaller than that of 0.44 eV for Ca 3 Co 2 O 6 reported in the literature. 15) The activation energy decreased exponentially with increasing compositional ratio, although the relative intensity of Ca 3 Co 4 O 9 increased linearly with increasing compositional ratio (Fig. 2) . The resistivity decreased rapidly, even when a small amount of the Ca 3 Co 4 O 9 phase formed in the specimen, which suggests that the Ca 3 Co 4 O 9 phase has a significant influence on electrical conduction in the specimens.
The temperature dependence of the Seebeck coefficient for specimens prepared at various compositional ratios is shown in Fig. 3 . SEM images of specimens prepared at various compositional ratios of Co to Ca in the starting material after the first and second heat treatment steps. Fig. 1(b)] ; therefore, the Seebeck coefficient was substantially decreased due to the presence of Ca 3 Co 4 O 9 in the specimen. Further increase in the Co content resulted in a decrease of the Seebeck coefficient; then, at [Co]/[Ca] = 0.83, the Seebeck coefficient increased gradually from 120¯V/K at 473 K to 150¯V/K at 873 K. The temperature dependence of the Seebeck coefficient was largely independent of the compositional ratio when the Co content was high. The thermoelectric power factor was also calculated and the results are presented in Fig. 7 . As the compositional ratio of Co to Ca was increased, the magnitude of the power factor increased and the slope of the power factor decreased with respect to the temperature. 
Conclusions

